Brain serotonin [5-hydroxytryptamine (5-HT)] systems substantially influence the effects of cocaine; however, the contributions of individual 5-HT receptor subtypes to the regulation of cocaine responses are unclear. A line of mutant mice devoid of 5-HT2C receptors was used to examine the contribution of this receptor subtype to the serotonergic modulation of cocaine responses. Mutants display enhanced exploration of a novel environment and increased sensitivity to the locomotor stimulant effects of cocaine. In an operant intravenous self-administration model under a progressive ratio schedule of reinforcement, mutants display elevated levels of lever pressing for cocaine injections, indicating that the drug is more reinforcing in these mice. Moreover, mutants exhibit enhanced cocaine-induced elevations of dopamine (DA) levels in the nucleus accumbens, a brain region implicated in the stimulant and rewarding properties of cocaine. In contrast, phenotypic differences in dorsal striatal DA levels were not produced by cocaine treatment. These findings strongly implicate 5-HT2C receptors in the serotonergic suppression of DA-mediated behavioral responses to cocaine and as a potential therapeutic target for cocaine abuse.
Cocaine dependence is a major worldwide public health problem (Strang et al., 1993; Withers et al., 1995) with an estimated 1.2 million users in the United States alone (Epstein, 2000) . Effective pharmacological treatments for cocaine abuse are not yet available (Kranzler et al., 1999) , highlighting the need for new insights into the neural mechanisms that underlie the actions of cocaine. Cocaine binds with high affinity to the dopamine (DA), norepinephrine, and 5-HT transporters (Koe, 1976; Reith et al., 1997) , thereby blocking reuptake of these monoamines and increasing their extracellular concentrations in the brain. Activation of the mesolimbic DA system, consisting of projections from the midbrain ventral tegmental area (VTA) to forebrain regions, including the nucleus accumbens (NAcc), is considered a critical event underlying the psychostimulant and reinforcing effects of cocaine (Wise, 1984) . In general, activation of the serotonergic system appears to inhibit these effects of cocaine, whereas manipulations that decrease serotonergic transmission increase the psychostimulant and reinforcing properties of cocaine (Carroll et al., 1990; Loh and Roberts, 1990; Morrow and Roth, 1996; Herges and Taylor, 1999) . Serotonergic neurons in the dorsal raphe project to the VTA and the NAcc (Azmitia and Segal, 1978; Herve et al., 1987; Van Bockstaele et al., 1994; Van Bockstaele et al., 1996) and influence dopaminergic transmission (Herve et al., 1979; Kelland et al., 1993; Prisco and Esposito, 1995; Brodie and Bunney, 1996) , suggesting that regulation of mesolimbic dopaminergic activity may play an important role in the serotonergic modulation of cocaine effects. Elucidation of the 5-HT receptor subtype(s) mediating these effects may therefore identify novel targets for the development of pharmacological agents useful in the treatment of cocaine abuse.
Recent evidence suggests that activation of 5-HT2C receptors may contribute substantially to a serotonergic inhibition of mesolimbic dopaminergic activity. Notably, 5-HT2C receptors are expressed in the VTA, where their activation decreases the firing of dopaminergic neurons and reduces DA levels in the NAcc (Di Gobert et al., 2000) . However, the effects of pharmacological manipulations of 5-HT2C receptors on behavioral responses to cocaine have been inconsistent (Lacosta and Roberts, 1993; Peltier et al., 1994; Callahan and Cunningham, 1995; McCreary and Cunningham, 1999; Grottick et al., 2000; McMahon et al., 2001) , most likely because of the limited specificity of available pharmacological agents. Therefore, the hypothesis that 5-HT2C receptors substantially contribute to serotonergic inhibition of mesolimbic DA transmission and behavioral responses to cocaine was tested using mice lacking this receptor subtype (5-HT2C receptor null mutant mice) (Tecott et al., 1995) .
MATERIALS AND METHODS
Animals. 5-HT2C receptor null mutant mice were generated from a 129-derived embryonic stem cell line and bred and genotyped as described previously (Tecott et al., 1995) . Male wild-type (W T) and null hemizygous mutant mice resulting from Ն16 generations of backcrossing to the C57BL /6J background were used in these experiments. Animals were housed at 22°C on a 12 hr light /dark cycle (lights off at 7:00 P.M.) with ad libitum access to water and a standard chow diet (PicoLab Mouse Diet 20; Purina Mills, Richmond, I N) . No phenotypic differences in body weight were observed for the cohorts of animals used in this study. Investigators were blind to the genotypes of the mice during all behavioral studies and to the cocaine doses administered during locomotor and dialysis studies. E xperiments were performed in accordance with guidelines of the National Institutes of Health Guide for Care and Use of Laborator y Animals, the University of C alifornia San Francisco Committee on Animal Research, the Scripps Research Institute Animal C are and Use Committee, and the National Institute on Drug Abuse/ Intramural Research Program Animal C are and Use Committee.
Locomotor activit y. Horizontal activity was assessed as described previously (Heisler and Tecott, 2000) . Mice were placed in the monitoring apparatus and injected 2 hr later with saline (10 ml / kg, i.p.), on days 1-3, and 0, 7.5, 15, or 30 mg / kg cocaine (cocaine hydrochloride; Sigma, St. L ouis, MO) freshly dissolved in saline, on day 4. After injection, mice were returned to the apparatus for 2 additional hours. Before the day of cocaine injection, locomotor responses to saline injection appeared stable and without phenotypic difference as demonstrated by a 2 ϫ 2 ANOVA with one repeated measure, which showed no statistically significant effect of genotype or day and no interaction for locomotion during the hour after injection on habituation days 2 and 3. Mice were tested weekly in groups of eight (four W T and four mutants per week; WT, n ϭ 63; mutant, n ϭ 62), with 15-16 mice per genotype per dose.
Cocaine and metabolite assay. Animals were rapidly decapitated (n ϭ 6 per genotype) 30 min after intraperitoneal injections of 30 mg / kg cocaine. Cocaine, norcocaine, and benzoylecgonine were extracted from mouse brain tissue according to the method of Benuck et al. (1987) . Tropacocaine (0.7755 g in 100 l) was used as an internal standard and added to the tissue before extraction. All analyte values were normalized to the extraction efficiency of tropacocaine on a per sample basis. The average extraction efficiency for all samples was 16 Ϯ 1.5% (average of 56 extractions). E xtracted samples were subsequently analyzed using a microbore HPLC system optimized for the separation of benzoylecgonine, tropacocaine, cocaine, and norcocaine within a 30 min elution time. Analytes were detected by a SpectraFocus scanning UV detector (SpectraPhysics, San Jose, CA) at a wavelength of 225 nm. E xternal calibration curves for each analyte were generated daily for fresh standard solutions in 0.25 mM ascorbic acid. The limit of quantitation was Ͻ1 pmol on a column for each analyte. No phenotypic differences were observed in cocaine [nanograms per milligram of tissue; W T, 9.3 Ϯ 1.7; mutant, 10.8 Ϯ 2.9 (mean Ϯ SEM)], norcocaine (W T, 1.6 Ϯ 0.2; mutant, 1.4 Ϯ 0.1), or benzoylecgonine (W T, 1.2 Ϯ 0.2; mutant, 1.1 Ϯ 0.2) levels.
Microdial ysis. Details of microdialysis probe construction, implantation, and experimental conditions have been described previously (Parsons et al., 1995) . Approximately 12 hr before the start of dialysis sampling, each mouse (W T, n ϭ 10; mutant, n ϭ 9) was anesthetized (1-2% Halothane by inhalation) and stereotaxically implanted with two microdialysis probes. In a counterbalanced manner, one was placed into the left or right NAcc [anteroposterior (AP), Ϫ1.5; mediolateral (ML), Ϯ0.8; dorsoventral (DV), Ϫ5.3 DV] and one into the contralateral dorsal striatum (DStr) (AP, ϩ0.5; ML, Ϯ2; DV, Ϫ5). The active membrane length was 1 mm for NAcc probes and 2 mm for DStr probes. The perf usate flow rate to both probes was 0.2 l /min for the first 10 postsurgical hours and then increased to 0.6 l /min 1 hr before the start of dialysate collection and for the remainder of the experiment. Baseline dialysate samples were collected at 10 min intervals for 50 min. Subsequently, all mice received an injection of cocaine (15 mg / kg, i.p.) followed by an additional 120 min of dialysate sampling. After collection, dialysate samples were immediately frozen and stored at Ϫ70°C until analysis for DA content by microbore HPLC (Parsons et al., 1995) . E xternal calibration curves for DA were constructed daily using fresh DA standards, and the on-column limit of quantitation (S/ N ϭ 3) was 0.5 fmol of DA corresponding to a concentration of 0.1 nM. All microdialysis experiments were conducted Ն4 hr after the onset of the light cycle. Each animal in the final data set had correct probe placements in both regions as determined histologically.
Self-administration. Self-administration experiments took place in mouse operant chambers (model EN V-300; Med Associates, St. Albans, V T). Chambers were equipped with two levers, and the responses on one lever (active lever) delivered one reinforcer, whereas responses on the second lever had no programmed consequences (inactive lever). Mice were initially trained to respond for a 15% condensed milk solution under a fixed ratio 1 (FR1) schedule, in which each active lever press delivered one reinforcer. All mice met criteria for food shaping acquisition (3:1 ratio of active/inactive lever presses and Ն300 reinforcers per session) within three training sessions. After food shaping, mice were anesthetized (18 mg / kg xylazine and 80 mg / kg ketamine solution, i.p.) and implanted with an indwelling intravenous catheter in the right jugular, as described previously (Rocha et al., 1998a) . T wo days after surgery, mice started cocaine self-administration under a FR1 schedule (1 mg / kg Ϫ1 /0.02 ml Ϫ1 ); each daily session lasted until either 20 injections were obtained or 3 hr had elapsed. After completion of criteria for cocaine self-administration (3:1 ratio of active/inactive lever presses and Ն15 injections for 3 consecutive days), mice were switched to the progressive ratio (PR) schedule, under which the number of active lever presses required to obtain each subsequent injection was based on the adapted exponential sequence: 3, 5, 7, 9, 12, 15, 18, 23, 28, 33, 41, 49, 57, 70, 83, 96, 117. . . (Rocha et al., 1998a) . PR sessions lasted for 3 hr or until mice did not complete the ratio for delivery of one injection within 1 hr. After stable baseline of responding (number of injections not varying by Ͼ20% over 3 consecutive days), saline was substituted for cocaine to test extinction of lever pressing (i.e., maximum of four injections over 3 consecutive days). Subsequently, access to a condensed milk solution was substituted for saline to test reinstatement of lever pressing for a nondrug reinforcer. E xtinction and reinstatement were also tested under the PR schedule, and the experiment endpoint was the stable baseline of responding for condensed milk.
RESULTS

Novelty-and cocaine-induced locomotion
Because novelty-induced locomotion has been associated with activation of the mesolimbic DA system (Hooks and Kalivas, 1995) and with sensitivity to the behavioral and reinforcing effects of psychostimulants (Piazza et al., 1989; Hooks et al., 1991; Marinelli and White, 2000) , the locomotor responses of 5-HT2C receptor mutant mice to a novel environment, and subsequently to cocaine, were examined. Analysis of total locomotor behavior during the preinjection periods revealed elevated activity levels in mutant mice, with both mutant and WT animals displaying habituation over the 4 d period (Fig. 1a) . Analysis of the time course of locomotor activity revealed that, during their first exposure to the activity chambers, mutants exhibited hyperactivity associated with reduced within-session habituation (Fig. 1b) . On the second day, mutants remained hyperactive relative to WT mice, and their initial locomotor activity levels declined less than WT levels, indicating that between-session habituation was also impaired in these animals (Fig. 1b,c) . With each successive day of exposure, the activity levels of the mutants declined to WT levels more rapidly (Fig. 1b-e) , and by day 3, no phenotypic differences in the locomotor responses to the saline injections were observed (Fig.  2a,b ) (see Materials and Methods). In contrast, mutants displayed markedly enhanced locomotor responses to cocaine, characterized by a dose-dependent increase in peak locomotor activity (Fig. 2b-e) . Analysis of the total distance traveled in the hour after cocaine injection also revealed elevated locomotor responses to cocaine in 5-HT2C receptor mutant mice (Fig. 2a) . To determine whether these findings reflected phenotypic perturbations of cocaine metabolism, levels of cocaine or cocaine metabolites were measured after intraperitoneal cocaine administration and found to be normal in the mutants (see Materials and Methods).
Cocaine-induced DA release
To test the hypothesis that 5-HT2C receptors regulate the effects of cocaine on mesolimbic DA transmission, extracellular DA levels in the NAcc were examined after cocaine administration to 5-HT2C receptor mutant and WT mice. To determine whether the 5-HT2C receptor mutation alters mesolimbic and nigrostria-tal dopaminergic responses to cocaine in a similar manner, extracellular DA levels were also examined in the DStr. In vivo microdialysis revealed no significant phenotypic differences in baseline dialysate DA concentration in either the NAcc or DStr. Similarly, no phenotypic differences were observed in the cocaine-induced increase in DStr DA levels. However, the cocaine-induced increase in NAcc DA levels was significantly greater in the mutants (Fig. 3) . Consistent with these findings, some (but not all) previous studies revealed 5-HT2C receptor antagonists to preferentially increase DA levels in the NAcc (Di Gobert et al., 2000) . The current results indicate that cocaineinduced activation of 5-HT2C receptors selectively dampens its stimulatory effect on mesoaccumbens but not on nigrostriatal DA transmission. Together, the present data support the hypothesis that serotonergic inhibition of mesolimbic DA transmission, resulting from 5-HT2C receptor activation, modulates both reactivity to novelty and the psychostimulant effects of cocaine.
Cocaine self-administration
To examine the impact of the 5-HT2C receptor mutation on the reinforcing properties of cocaine, an operant self-administration procedure was performed. Thirteen mutant and 15 WT mice were initially trained to lever press for a condensed milk solution and subsequently for cocaine. Mice of both genotypes reliably self-administered cocaine within approximately four sessions, under a schedule where one cocaine injection (1 mg ⅐ kg Ϫ1 ⅐ injection Ϫ1 ) was delivered on each active lever press. After stable baseline responding was obtained in 10 mutant and 13 WT mice, animals were switched to a PR schedule, where the number of active lever presses required to deliver one injection of cocaine progressively increased within the session, and failure to obtain the injection within 1 hr ended the session. The total number of injections received reflected the motivation of the animals to self-administer cocaine, thus reflecting its reinforcing efficacy (Rocha et al., 1998a) . Five mutants and two WT mice did not complete self-administration experiments because of loss of catheter patency and consequent extinction of lever pressing but were tested for reinstatement. Stable baseline under PR was obtained in eight mutant and 11 WT mice. 5-HT2C receptor null mutant mice pressed the active lever approximately twice as many times as the WT mice and consequently obtained a significantly larger number of cocaine injections. This difference was only observed for cocaine; both mutant and WT mice extinguished leverpressing behavior at a comparable rate when saline was substituted for cocaine and reinstated lever pressing to the same extent when condensed milk was reintroduced as the reinforcer (Fig. 4) . Therefore, it is unlikely that persistence of lever-pressing behavior per se was responsible for the observed increase in cocaine self-administration among mutants. Together, these results confirm that the reinforcing efficacy of cocaine is increased in the absence of 5-HT2C receptors.
DISCUSSION
Here we report that mice lacking the 5-HT2C receptor exhibit increased responsiveness to novelty and increased sensitivity to the psychostimulant and reinforcing effects of cocaine. Moreover, the increased sensitivity of these animals to the behavioral effects of cocaine is accompanied by enhanced cocaine-induced increases in NAcc DA levels. This is in accord with previous evidence associating mesolimbic DA transmission with psychostimulant-induced locomotor activity (Hooks and Kalivas, 1995) and with the predisposition to self-administer cocaine (Robledo and Koob, 1993) . Together, these results indicate that 5-HT systems may modulate novelty responses as well as the locomotor stimulant and reinforcing properties of cocaine through the suppression of mesolimbic DA transmission in a process involving 5-HT2C receptors.
Several lines of evidence implicate activation of mesolimbic DA pathways in novelty preference and novelty exploration, whereas activation of brain 5-HT systems produces opposing behavioral effects. For example, lesions disrupting mesolimbic DA pathways reduce exploration of novel environments (Hooks and Kalivas, 1995) . Moreover, rodent lines exhibiting enhanced mesolimbic DA transmission, such as DA transporter (DAT) null mutant (Gainetdinov et al., 1999) , DAT hypomorphic mutant mice (Zhuang et al., 2001) , and rats with increased susceptibility to psychostimulant self-administration (Piazza et al., 1989; Cools et al., 1990) , display increased locomotor responses to environmental novelty. Conversely, activation of serotonergic neurotransmission has been proposed to promote risk assessment/harm avoidance behaviors, suppressing responses to novelty (Cloninger, 1987) . Thus, suppression of serotonergic activity produced by intraventricular injection of 5,7-dihydroxytrytamine (Lyness and Moore, 1981) and by electrolytic raphe nucleus lesions enhances locomotor responses to novelty (Geyer et al., 1976a,b; Dray et al., 1978) . In contrast, mice with enhanced serotonergic activity resulting from mutations of the 5-HT transporter and inhibitory 5-HT1A autoreceptor display diminished exploration of novel and aversive environments (Bengel et al., 1998; Heisler et al., 1998; Parks et al., 1998; Ramboz et al., 1998; Parsons et al., 2001) .
It is possible that 5-HT2C receptor-mediated inhibition of mesolimbic DA function may contribute to the effects of 5-HT on novelty-related behavior. Accordingly, firing rates of VTA DA neurons are suppressed by administration of 5-HT2C receptor agonists; conversely, firing rates are enhanced by 5-HT2C receptor antagonist treatment (Di Giovanni et al., 1999; . Previous anatomical and electrophysiological studies indicated that these effects may result from the activation of inhibitory GABAergic interneurons expressing 5-HT2C receptors (Eberle-Wang et al., 1997; Gobert et al., 2000; Di Giovanni et al., 2001) . The observed absence of phenotypic differences in baseline NAcc dialysate DA levels using standard in vivo microdialysis methods does not preclude potential alterations in dopaminergic neurotransmission, because spillover of neurotransmitters into the extracellular space may not parallel synaptic release (Parsons and Justice, 1994) . Additional studies using the no net flux quantitative microdialysis method will provide a more sensitive indication of basal mesolimbic DA neurotransmission.
Although these findings lead to the prediction that 5-HT2C receptor antagonists would enhance the locomotor and reinforcing properties of cocaine, pharmacological manipulation of 5-HT2C receptors has produced inconsistent results (Lacosta and Roberts, 1993; Peltier et al., 1994; Callahan and Cunningham, 1995; McCreary and Cunningham, 1999; McMahon et al., 2001) . For example, administration of the 5-HT2C/2B receptor antago- nist 5-methyl-1-(3-pyridylcarbamoyl)-1,2,3,5-tetrahydropyrrolo [2,3-f]indole to rats was found to attenuate cocaine-induced hyperactivity at low doses but to enhance the hyperactivity at high doses (McCreary and Cunningham, 1999) . In another study, the 5-HT2C receptor agonist ( S)-2-(6-chloro-5-fluoroindol-1-yl)-1-methylethylamine) f umarate (Ro 60-0175) reduced cocaineinduced hyperactivity, an effect that was blocked by pretreatment with the 5-HT2C receptor antagonist 6-chloro-5-methyl-1-[(2-[(2-methyl-3-pyridyl)oxy]-5-pyridyl)carbamoyl]-indoline (SB 242084) (Grottick et al., 2000) . In contrast, enhancement of cocaineinduced locomotor activity was not seen after microinjections of the moderately selective 5-HT2C receptor antagonist 8-[5-(2,4-dimethoxy-5-(4-trifluoromethylphenylsulfon-amido)phenyl-5-oxopentyl)]-1,3,8-triazaspiro[4.5]decane-2,4-dione hydrochloride (RS 102221) into the rat VTA, and injections into the NAcc attenuated cocaine-induced locomotor activity (McMahon et al., Figure 3 . Effect of cocaine administration on DA levels. DA dialysate concentrations were analyzed by mixed factorial repeated-measures ANOVA. Significant differences among individual means were confirmed by Fisher's post hoc tests. Baseline dialysate DA levels from the NAcc and the contralateral DStr of WT (n ϭ 10; NAcc, 2.9 Ϯ 0.5 nM; DStr, 4.2 Ϯ 0.4 nM) and mutant (n ϭ 9; NAcc, 3.8 Ϯ 1.3 nM; DStr, 5.6 Ϯ 0.8 nM) mice were not significantly different. The effect of cocaine (15 mg/kg; arrow) on dialysate DA levels from each region is thus expressed as the percentage change from baseline. a, Cocaine induced a significant increase in NAcc DA levels (F (9,53) ϭ 35.8; p Ͻ 0.0001) with a significant effect of genotype (F (1,7) ϭ 4.7; p Ͻ 0.05) as well as a significant genotype-by-time interaction (F (9,153) ϭ 3.6; p Ͻ 0.0005). Subsequent simple effects analyses revealed that NAcc DA levels were significantly higher in 5-HT2C mutant mice relative to WT controls at both the 10 and 20 min postcocaine time points ( p Ͻ 0.05 at each time point) as denoted by asterisks. b, Cocaine also significantly elevated DStr DA levels over time (F (9,153) ϭ 35.8; p Ͻ 0.0001) but with no significant effect of genotype. . Left y-axes refer to the total number of reinforcers obtained, and right y-axes refer to the corresponding number of active lever presses (ratio completed) for delivery of each reinforcer. a, Cocaine self-administration: Mutants completed a ratio of ϳ20 lever presses, compared with 10 by WT mice, and thus obtained significantly more cocaine injections. Repeated-measures ANOVA confirmed a significant effect of genotype for the number of cocaine injections (F (1,19) ϭ 7.5; p Ͻ 0.05) but no effect of session or session-by-genotype interaction. Asterisks indicate significant ( p Ͻ 0.05) phenotypic differences. b, Extinction: When saline was substituted for cocaine, mutant and WT mice extinguished lever pressing at a comparable rate. Repeated-measures ANOVA confirmed a significant effect of session on the number of saline injections within subjects (F (3,51) ϭ 21.6; p Ͻ 0.0001) but no effect of genotype or session-bygenotype interaction. c, Reinstatement with nondrug reinforcer. After saline substitution, condensed milk was made available, and both groups reinstated lever-pressing behavior at a comparable rate. Repeatedmeasures ANOVA confirmed a significant effect of session within subjects on the number of milk reinforcers obtained (F (3,72) ϭ 25.3; p Ͻ 0.0005) but no effect of genotype or session-by-genotype interaction.
2001). The contribution of 5-HT2C receptors to the reinforcing and discriminative stimulus properties of cocaine is also unclear. Although the 5-HT2A/B/C receptor antagonist ritanserin failed to block these properties of cocaine (Peltier et al., 1994) , administration of agonist Ro 60-0175 reduced operant responses for cocaine, an effect blocked by pretreatment with the 5-HT2C receptor antagonist SB 242084 (Grottick et al., 2000) . In contrast, intra-NAcc administration of the 5-HT2C receptor antagonist RS 102221 reduced the stimulus effects of cocaine (Filip and Cunningham, 2002) .
The enhanced locomotor effects of cocaine in 5-HT2C receptor mutants are in accord with the hypothesis that cocaine-related responses mediated by mesolimbic DA systems are disinhibited in these mice. Additional support was provided by the observation that cocaine-induced elevations of extracellular DA levels in the NAcc were enhanced in mutant mice. Interestingly, a similar enhancement was not seen in the DStr, consistent with electrophysiological studies indicating that 5-HT2C receptor agonists have a more pronounced influence on mesolimbic than on nigrostriatal DA pathways . In light of established associations between psychostimulant self-administration, novelty-induced locomotor activity, and mesolimbic DA function, we predicted that the absence of 5-HT2C receptors would lead to enhanced cocaine self-administration. The enhanced reinforcing effects of cocaine in 5-HT2C receptor mutant mice were confirmed by the elevated breakpoints exhibited by the mutants in a progressive ratio procedure. Together, these findings indicate that 5-HT2C receptors mediate inhibitory serotonergic influences on the locomotor stimulant and reinforcing properties of cocaine through the suppression of mesolimbic DA transmission.
Although the 5-HT2C receptor plays a prominent role in mediating the serotonergic suppression of behavioral responses to cocaine, these 5-HT2C receptor-mediated effects are unlikely to fully account for the complex influences of 5-HT on psychostimulant responses. Recent evidence indicates that cocaine-induced elevations of 5-HT levels may actually contribute to cocaine responses under some circumstances. Thus, cocaine-mediated blockade of 5-HT reuptake has been implicated in the preserved reinforcing effects of this drug in mice lacking the DAT (Rocha et al., 1998b; Sora et al., 2001) and in the ability of cocaine to induce striatal c-fos expression (Bhat and Baraban, 1993) . These findings are consistent with evidence that activation of other 5-HT receptors, such as the 5-HT1B and 5-HT3 receptor subtypes, opposes the inhibitory influence of 5-HT on psychostimulant responses (Kankaanpää et al., 1996; Parsons et al., 1998) . For example, the pharmacological stimulation of 5-HT1B receptors potentiates cocaine-induced increases in mesolimbic DA neurotransmission and enhances the locomotor and reinforcing effects of cocaine (Johnson et al., 1992; Cameron and Williams, 1994; Parsons et al., 1998) . Thus, unopposed activation of 5-HT1B receptors may contribute to the enhanced cocaine responses observed in 5-HT2C receptor mutant mice. Analogous opposing influences of 5-HT2C and 5-HT1B receptors on locomotor responses to the nonselective 5-HT receptor agonist m-chlorophenylpiperazine have been observed in previous studies of 5-HT2C receptor mutant and WT mice (Heisler and Tecott, 2000) . Finally, in addition to regulating the activity of VTA DA neurons, 5-HT systems may also influence responses to novelty and cocaine through mechanisms involving 5-HT2C and additional 5-HT receptor subtypes expressed in other brain regions.
Associations between neural mechanisms regulating responses to novelty and substance abuse liability have also been observed in humans, as indicated by elevated novelty-seeking trait scores in human populations susceptible to drug abuse (Wills et al., 1994; Cloninger et al., 1995) . The clinical relevance of the present findings is further indicated by an observed association between a common allelic variant of the gene encoding the 5-HT2C receptor and the human personality trait of reward dependence (Kühn et al., 1999) . In this context, the present findings support the possibility that the 5-HT2C receptor subtype may contribute to serotonergic influences on novelty seeking, reward pathways, and susceptibility to cocaine dependence in humans. In light of the lack of effective pharmacological treatments for cocaine abuse (Kranzler et al., 1999) , novel treatment strategies that exploit the influence of serotonergic transmission on cocaine responses warrant consideration. However, recent studies have revealed 5-HT selective reuptake inhibitors (SSRIs) to be generally ineffective for the treatment of cocaine dependence (Kranzler et al., 1999) . These disappointing responses to SSRIs may be attributable to the lack of specificity in the manner in which they alter serotonergic neurotransmission. Global increases in synaptic 5-HT resulting from reuptake blockade could lead to nonspecific activation of multiple 5-HT receptor subtypes with opposing influences on cocaine responses. The present results reveal a prominent role for 5-HT2C receptors in the serotonergic suppression of cocaine responses, indicating that selective 5-HT2C receptor agonist treatments may represent a promising novel approach for treating cocaine abuse and dependence.
